We report pressure broadening coefficients for the 21 electric-dipole transitions between the eight lowest rotational levels of ortho-H 2 O and para-H 2 O molecules by collisions with He at temperatures from 20 to 120 K. These coefficients are derived from recently published experimental state-to-state rate coefficients for H 2 O:He inelastic collisions, plus an elastic contribution from close coupling calculations. The resulting coefficients are compared to the available experimental data. Mostly due to the elastic contribution, the pressure broadening coefficients differ much from line to line, and increase markedly at low temperature. The present results are meant as a guide for future experiments and astrophysical observations.
Introduction
Pressure broadening (PB) of spectral lines is useful for remote sensing in Astrophysics, allowing for a straightforward determination of the number density of colliders. Since H 2 O is a relevant observational target in present day Astrophysics (van Dishoeck et al. 2013), we focus the discussion below onto this species, in particular on the broadening induced by collisions with He atoms. Microwave measurements of pressure broadening coefficients (PB-coefficients in short) of rotational lines of H 2 O by collisions with He at low temperature have been reported by Goyette and de Lucia (1990) ; Dutta et al. (1993) ; Dick et al. (2010) .
These experiments pose, however, severe difficulties due to the strong tendency of gaseous water to condense, and are limited to the few spectral lines within reach of the particular instrument.
On the other hand, PB-coefficients are often derived from the state-to-state rate coefficients (sts-rates in short) for inelastic collisions. We have recently published (Tejeda et al. 2015) a laboratory study of the rotational inelastic collisions of H 2 O with He atoms at low temperature (20-120 K) . In that work a new collection of experimentally-derived sts-rates was reported, with 1σ uncertainty of ≈ 6% at 120 K and ≈ 11% at 20 K.
There is, however, a further contribution to the PB-coefficients due to interferences between elastic amplitudes, which can be relevant in some cases. Here, we have obtained this elastic term from close-coupling (CC) calculations, employing the potential energy surface (PES) by Patkowski et al. (2002) . The relative importance of the elastic and inelastic contributions to the broadening of H 2 O spectral lines by helium is assessed.
The main goal of the present work is to provide an extended set of PB-coefficients for H 2 O lines by collisions with He, based on the experimental sts-rates. This set includes most transitions observed in the Water In Star-forming regions with Herschel (WISH) program (van Dishoeck et al. 2011) . These PB-coefficients, which are a sum of inelastic and elastic contributions from experiments and theory, respectively, allow us for a revision of the PB-coefficients published so far.
Theoretical frame for the pressure broadening of spectral lines
At densities low enough to prevent strong line mixing, the Lorentzian half-width at half-maximum Γ if of an i → f spectral line is given by
where p is the total pressure of colliders and γ if is the pressure broadening coefficient, which depends only on the translational temperature T of the bath and on the nature of the colliders; γ if can be expressed in terms of a thermally averaged pressure broadening cross section σ if (T ) (PBx-sections in short) as
where k B is Boltzmann constant, and v = (8k B T )/(πµ) is the mean relative velocity of colliding partners of a reduced mass µ.
The PBx-section is usually given as a sum of two contributions (Baranger 1958; Wiesenfeld and Faure 2010) 
one inelastic, σ
if (T ) , and another elastic, σ
if (T ) . The inelastic contribution can be calculated in favorable cases from the sts-rates k i→j (T ) for inelastic collisions, tabulated in databases like BASECOL (Dubernet et al. 2013) or LAMDA (Schöier et al. 2005) , by means of
On the other hand, the elastic contribution, sometimes referred to as "dephasing" (Thibault et al. 2000) ,
is due to the interference between the elastic scattering amplitudes f i and f f for the two states involved in the transition (Baranger 1958; Wiesenfeld and Faure 2010) , which are functions of the scattering angle, Ω, and of the kinetic energy, E k , while T indicates a thermal average. This contribution σ (el) if (T ) cannot be derived straightforwardly neither from tabulated material nor from experiment. However, it can be calculated through advanced quantum methods like the CC approach, along with a good PES for the colliding pair.
The elastic contribution σ (Green 1990) , or even negligible (Dick et al. 2010) , than the inelastic contribution σ (in) if (T ) for the electric-dipole or quadrupole absorption/emission lines in the infrared and microwave regions. This can be explained in part because of the convenience of Eq. (4) and the availability of the required data, and in part because it has been proven so for a number of small molecules (Green 1980; Palma and Green 1986; Green 1989; Thibault et al. 2000 Thibault et al. , 2002 Thibault et al. , 2009 ). For asymmetric top molecules, however, the elastic contribution has been shown to be important at least for the pressure Tennyson et al. (2001) . 
where σ if is inÅ 2 for γ if given in MHz/Torr, µ in amu, and T in K. The above quoted experimental data are plotted in Fig. 1 as bullet symbols, where the data from Dick et al. (2010) are referred to the temperature calibration T gas = 0.8849 T cell + 41.62. A preliminary interpretation of the PB-data by Dick et al. (2010) was attempted by these authors on the basis of Eq. (4), i. e., neglecting the elastic contribution to the PBx-section, and using the sts-rates calculated by Green et al. (1993) . These sts-rates have been shown to be significantly smaller than the experimental ones by Tejeda et al. (2015) , and also smaller than those calculated by employing the improved H 2 O-He PES by Patkowski et al. (2002) . Although Dick et al. (2010) attained a reasonable agreement between theory and experiment for the six lines over 500 GHz, we noticed that such interpretation, neglecting σ
if , sharply disagrees for the 5 → 6 (183 GHz) line of para-H 2 O by Goyette and de Lucia (1990) In order to confirm or to refute the above conjecture, we have proceeded as follows.
First, referring to Eq. (3), we have calculated σ (in) if (T ) for the H 2 O lines according to Eq. (4) using the experimental sts-rates for H 2 O:He inelastic collisions by Tejeda et al. (2015) .
if (T ) are plotted in Fig. 1 as open rhombs. Then, for the elastic contribution σ (el)CC if (T ) we have carried out CC calculations with the MOLSCAT code (Hutson and Green 1994 ) based on the PES by Patkowski et al. (2002) , which provides the best agreement with the experimental sts-rates for inelastic collisions (Tejeda et al. 2015) . Details about the calculations are given in Appendix A.
The total PBx-sections, plotted in Fig. 1 as black stars, are a sum
of an experimental inelastic term plus a calculated elastic one. They show a better agreement with the apparently anomalous experimental PBx-sections of the 5 → 6
(183 GHz) line of para-H 2 O and the 7 → 8 (380 GHz) line of ortho-H 2 O. The difference
(stars minus open rhombs) clearly shows that, at low temperature, the elastic contribution to the total PBx-section is larger than the inelastic one for these two lines.
In view of the above results, we have extended the described procedure to a number of rotational lines suitable for astrophysical diagnostics of H 2 O densities in media dominated by collisions with helium. PBx-sections σ if and coefficients γ if , both inelastic-only and total, for the 21 microwave lines between the eight lowest rotational levels of para-H 2 O and ortho-H 2 O due to collisions with He, are reported in Table 2 for six temperatures between 20 and 120 K.
Discussion
First we discuss the inelastic contribution, then the elastic one, and finally the total PBx-sections of H 2 O by helium in the 20-120 K thermal range.
The inelastic contribution to the thermally averaged PBx-section of most lines reported in Fig. 1 and Table 2 show a similar pattern. They range from 4 to 8Å 2 for temperatures 20 ≤ T ≤ 120 K, showing a shallow minimum at T 40 K, and lying, for a given T , within ±1Å 2 from the average, reaching an almost constant value of 7.4Å 2 at 120 K. Exceptions to this pattern are the lines at 557 and 1113 GHz involving the lowest energy levels (1 → 2) of para-H 2 O and ortho-H 2 O, whose inelastic contribution to the PBx-section decreases monotonically with the temperature down to σ
< 3Å 2 at 20 K. This behavior can be rationalized as a statistical effect, since the number of available inelastic excitation and relaxation channels increases much with rotational energy for an asymmetric top molecule, and thus the summations of sts-rates in Eq. (4) tend to average. The two exceptions are the (1 → 2) lines involving the ground states of each species, which can only be inelastically excited, in addition to the lower density of available states.
The elastic contribution, in contrast, depends more specifically on the particular i → f transition. In addition, this component always increases at lower temperatures, and can be significantly large at 20 K, causing a considerable dispersion in the total PB-coefficients.
The described dependence with temperature had already been observed in linear molecules (Thibault et al. 2000 (Thibault et al. , 2001 (Thibault et al. , 2002 , where it was also noted that the elastic contribution is Table 2 .
We present in Fig. 2 Regarding the total PBx-sections, as temperature decreases most of them drop, reach a minimum at different T depending on the line, and then grow up. The exception is, again, the 1 → 2 (1113 GHz) line of para-H 2 O, which decreases monotonically in the 120 to 20 K thermal range. Calculated total PBx-sections by Maluendes et al. (1992) for the 5 → 6 (183 GHz) line of para-H 2 O and the 7 → 8 (380 GHz) line of ortho-H 2 O, from 50 K to above room temperature, also show a decreasing trend with decreasing temperature, with a minimum between 50 and 100 K. However, these PBx-sections are smaller than those calculated here with the PES by Patkowski et al. (2002) , as was also observed for the homologous sts-rates for inelastic collisions, as mentioned in Section 3. It should be pointed out that the PBx-section σ if (E k ) calculated by Maluendes et al. (1992) We switch finally to the total PB-coefficients γ if (T ) between 20 and 120 K reported in Table 2 . They show an almost flat trend at higher temperatures, with a shallow minimum at 80 ≤ T ≤ 120 K, and then grow up markedly for T ≤ 40 K. While the thermal dependence of the PB-coefficients is usually modelled by empirical power laws like
assuming a monotonic dependence with T , in the present case such a simple dependence cannot be safely used because of the minima. We propose, for the PB-coefficients of H 2 O by helium, the alternative trend-law for the 20 ≤ T ≤ 120 K range
The parameters g, a, b, c, given in Table 2 for each line, provide an average accuracy better than 3% for most PB-coefficients with respect to the values reported in Table 2 for discrete temperatures, allowing for a safer interpolation than by using Eq. (8).
To conclude, the present study shows that the pressure broadening of H 2 O spectral lines by He is a complex phenomenon, which does not seem amenable to simple relations with line frequency nor angular momentum. Special care must be paid to the elastic contribution, which has not always been considered in the literature, but plays a significant role here: it is eventually responsible for the observed dispersion in the total PB-coefficients, can be dominant at 20 K, and is expected to further increase at lower temperatures. The present results are thus intended as a useful guide for future laboratory measurements and astrophysical observations. 
A. Appendix
In this Appendix we present the details for the CC calculation with the MOLSCAT code of the PBx-section for a given electric-dipole transition, using the PES by Patkowski et al. (2002) . The MOLSCAT code does not provide an option to just retrieve the elastic contribution of Eq. (5). However, it allows for the calculation of the total (elastic plus inelastic) PBx-section in a straightforward manner. Therefore, we have obtained the elastic contribution as the difference
between the total PBx-section, σ CC if (T ) , and the inelastic contribution, σ Shafer and Gordon (1973) . PBx-sections σ CC if (E k ) were computed using the hybrid log-derivative-Airy propagator by Alexander and Manolopoulos (1987) implemented in MOLSCAT, and are converged (with respect to basis set size, propagation parameters and number of partial waves) to better than 1%. The calculations were carried out for kinetic energies up to 850 cm −1 , taking care of using small energy steps (∆E k ≤ 0.5 cm −1 ) for the lowest energies in order to describe properly the resonant structures of the cross sections. As discussed in the main text, such resonances play a relevant role in most PBx-sections at low temperature.
The resulting thermally averaged σ CC if (T ) are converged within 5% at 20 K, or better at higher temperatures.
On the other hand, the inelastic PBx-section σ 
